The antibacterial effect of cationic surfactants against the pure culture of phosphate (P)-accumulating bacterium Acinetobacter junii was investigated. The estimated EC 50 values of the N-dodecylpyridinium chloride (DPC) for growth inhibition was 1.4±0.5 x 10 -6 mol L -1
Introduction
Surfactants can change interfacial properties due to their amphipathic feature. These agents can decrease the energy of interaction and the energy of solvation between a high variety of heterogeneous phases in many technological processes and biological systems by adsorbing on oil-water [1] , polystyrene-water [2] and air-water [3] interfaces. They are used in many industrial processes and other environments such as flotation, flocculation, emulsification, sanitation, decontamination, cosmetics and drug delivery.
Surfactants have antimicrobial properties, exerted through growth inhibitory and lytic action, in which cell autolysis seems to disturb the well-controlled autolysin activity that is necessary for normal cell division [4] . Sorption of surfactants on solid surfaces e.g. cytoplasmic membrane can modify their hydrophobicity and surface charge. Somasundaran-Fuerstenau type of adsorption of an ionic surfactant on solid/solution interfaces is characterized by a few mechanisms: monomer adsorption at low concentration; surface aggregate formation at concentrations above the critical aggregation concentration; bilayer formation with a reverse orientation of surfactant molecules at intermediate concentrations; and saturation adsorption at concentration above the critical micelle concentration [5] .
Long chain quaternary ammonium compounds (QAC) with various forms of headgroups, spacers and lipophilic alkyl chains exert the inhibitory activity against both Gram-positive and Gram-negative bacteria, as well as against some pathogenic species of fungi and protozoa [6] . Quaternary ammonium compounds can bind to proteins and nucleic acids, disrupt membrane integrity, and cause leakage of cytoplasmic ions and macromolecules [7] . Susceptibility varies for different organisms and depends on the concentration and chemical structure of QAC. Plasmid-conferred resistance to QAC has been reported for certain bacteria and some organisms are able to utilize QAC as a sole carbon and energy source [7] .
Pyridinium chlorides are a member of QAC [8] and share a common structure, including a positively charged hydrophilic ammonium moiety and hydrophobic alkyl chains of various length. For substituted and unsubstituted hexyl-, octyl-, decyl-, dodecyl-, tetradecyl-, cetyl-, and octadecylpyridinium chlorides, the relative toxicity towards fungi is dependent on the length of N-alkyl chain [9] . The N-hexyl derivate exhibited the least toxicity while maximum effect is being observed in compounds having a C 14 group. Beyond this point, i.e. with alkyl groups containing 16 and 18 C atoms, toxicity to the fungi decreased slightly. The compounds having substituent groups of higher molecular weight showed the highest toxicity against fungi. The toxicity of pyridinium halides were investigated with the conidia of Sclerotinia fructicola, Venturia inaequalis and Alternaria oleracea and the swarm spores of Phytophthora infestans. The most susceptible to the action of the pyridinium halides was Venturia inaequalis. Concentration of dodecylpyridinium chloride (DPC) and cetylpyridinium chloride (CPC) in micrograms per sq. cm required to kill 50% of conidia of Sclerotinia fructicola, Venturia inaequalis and Alternaria oleracea and the swarm spores of Phytophthora infestans were 0.29, 0.12, 0.34, 0.26, and 0.22, 0.11, 0.17, 0.38 respectively [9] .
The CPC has been used in commercial mouthwash products and several other types of oral care products and for treating minor throat or mouth infections. The reactivity of CPC originates from cationic charge of its amine group. The CPC binds to negatively-charged protein moieties on the cell membrane or cell wall of the microorganism. The resulting attachment of CPC to microorganism disrupts the cell wall structure causing leakage of the intracellular fluids and in many cases killing the associated microorganism. Oral care formulations typically contain 0.01 to 1.0% (w/w) of CPC [10] .
Widespread usage of surfactants, including the pyridinium chlorides, means their abundant presence in the environment, particularly in wastewaters, where they can accumulate in the sludge sewage treatment flow [11] , destroying the fragile biological balance present in such an environment. The phosphate (P)-accumulating bacteria are normally present in activated sludge and play an important role in an enhanced biological phosphorus removal from wastewaters. The aim of this study was to investigate the antibacterial effect of DPC and CPC against the model P-accumulating bacterium Acinetobacter junii.
Experimental Procedures

Microorganisms
The P-accumulating bacterium Acinetobacter junii strain DSM1532 (Deutsch Sammlung von Mikroorganismen und Zellkulturen, Braunschweig, Germany) and yeast Saccharomyces cerevisiae strain ATCC 64252 (American Type Culture Collection, Manassas, VA, USA) were used in the study.
Simulative wastewater
The composition of the simulative wastewater (prepared in 1L of distilled water) was as follows: Na-propionate, 300 mg; peptone, 100 mg; MgSO 4 
Experimental design
The bacteria were pregrown on nutrient agar for 20 h at 30±0.1°C to obtain log phase cell culture. The biomass was then resuspended in 10 mL of 0.3% NaCl and 1 mL of mixed suspension was distributed in series of bottles containing different concentration of N-dodecylpyridinium chloride (C 17 H 30 NCl, Merck, DPC) or N-cetylpyridinium chloride (C 21 H 38 NCl x H 2 O, Merck, CPC) per 100 mL of simulative wastewater. The concentrations were 10 -4 , 10 -5 , 10 -6 , 10 -7 mol L -1 for each surfactant. The control bottle contained no toxicant. The bottles were sealed with a sterile gum cap and thereafter purged with filtered air during a 24-hour incubation in a temperature-controlled water bath shaker at 30±0.1°C and 70 rpm
Yeast toxicity test (YTT)
The broth bottle syringe method of YTT [12] was used to compare the toxicity obtained against A. junii with the standardized toxicity test. The liquid medium for YTT was inoculated with S. cerevisiae culture as described previously [12] . The control bottle contained distilled water while other bottles contained medium supplemented with DPC or CPC in concentrations ranging from 10 -3 to 10 -7 mol L -1 . Inoculated bottles, set up in triplicate, were incubated in the dark at 28.0±0.1°C for 24 h. After incubation, the volume of liquid pressed out in the open syringe (due to the fermentation of saccharose to carbon dioxide) was measured. The results were calculated as a percent of liquid pressed out in test bottles in comparison with control and expressed as EC 50 (effective concentration of toxicant which inhibits the fermentation for 50%).
Analytical methods
The pH-value in the synthetic wastewater was measured with a WTW 330 pH-meter. The samples were filtered before P measurements using Sartorius nitrocellulose filters, with a pore diameter of 0.2 µm. The P (P-PO 4 3-) concentration in the synthetic wastewater was measured spectrophotometrically in a DR/2500 Hach spectrophotometer using the molybdovanadate method (Hach method 8114 ® ). The viable cell counts were performed by aseptically placing one mL of sample in a tube containing 9 ml of sterile 0.3% NaCl, prior to performing serial dilutions of each sample (10 -1 to 10 -9 ). Volumes of 0.1 ml were plated (spread plate method) onto nutrient agar (Biolife, Italy) and plates were incubated at 30±0.1°C for 72 h. After incubation, the bacterial colonies were counted and reported as colony-forming units (CFUs) per one mL of synthetic wastewater. Neisser stain was performed to confirm poly-P granules in cells of A. junii.
All analytical measurements were done in triplicate on independent samples. The EC 50 values were calculated as the percent of the inhibition in bottles containing the DPC or CPC when compared to the control containing no surfactant. The P-uptake rate was calculated as:
Results were statistically analysed using the Statistica [13] program. For the evaluation of toxicity data, ordinary Student's t-tests were performed. The correlation between variables was estimated using the Pearson linear correlation.
Results and Discussion
Cationic surfactants are commonly present in wastewater at 5 mg L -1 , which corresponds to 1.76 x 10 -5 mol L -1 of DPC and 1.40 x 10 -5 mol L -1 of CPC. The concentrations of surfactants tested in this study were chosen to cover these ranges of concentrations. The P group carries a negative net charge and interactions between QAC and P groups were expected. Therefore, we prepared a set of the simulative wastewater containing different concentrations of DPC or CPC without bacteria. In this experiment the P precipitation close to the theoretical molar stoichiometric ratios was observed. The amounts of P precipitated (from initial P load 20. or CPC concentrations, the observed precipitation of P was negligible. The observed precipitations of P were taken in account when calculating the P uptake rates per CFU in experiments with bacteria. In control reactors containing no surfactant, the final CFU counts of A. junii were 8.0±0.1 x 10 7 mL -1 and the achieved P-uptake rate 1.16±0.01 x 10 -10 mg P CFU -1 . The estimated EC 50 values of the DPC for growth inhibition of A. junii was 1.4±0.5 x 10 -6 mol L -1 and for the inhibition of the P-uptake rates 7.3±2. of DPC (which corresponds to 3.7 x 10 -6 mol L -1 and 7 x 10 -6 mol L -1 ), respectively [14] . The NIC and MIC of DPC against Pseudomonas aeruginosa were 66.3 mg L -1 and 186 mg L -1 of DPC (which corresponds to 2.3 x 10 -4 mol L -1 and 6.6 x 10 -4 mol L -1 ), respectively [14] . The MIC value defined as a minimum DPC concentration required to prevent bacterial growth relative to control obtained in this study felt in the range The estimated EC 50 values of CPC for growth inhibition of A. junii was 4.9±1.3 x 10 -7 mol L -1 and for the inhibition of the P-uptake rates 7.7±2.9 x 10 -6 mol L -1
( Figure 2) . The difference between EC 50 values of CPC and DPC were statistically significant (p<0.05). The CPC has high antimicrobial activity against oral bacteria such as Streptococcus sobrinus [15] . The MIC of CPC against Gram-positive bacteria Enterococcus faecalis and S. aureus were <0.5 mg L -1 (1.4 x 10 -6 mol L -1 ) and against Gram-negative bacteria Escherichia coli and P. aeruginosa 16 and 500 mg L -1 (4.5 x 10 -5 and 1.4 x 10 -3 mol L -1 ), respectively [6] . The MIC value of CPC in this study felt in the range between 10 -5 and 10 -4 mol L -1 , which classified the range of toxicity obtained against E. coli and P. aeruginosa.
The average pH values after 24 h of incubation in control reactors were around 7.62, and did not differ significantly in reactors containing 10 -7 mol L -1 for CPC ( Figure 3) . As with A. junii, CPC proved to be more toxic toward S. cerevisiae. The results of the standard YTT correlated significantly positively (p<0.05, r=0.95) with the observed toxicity of DPC and CPC against the CFUs of A. junii.
In a previous study, the cationic surfactant hexadecyltrimethylammonium bromide (HDTMA) showed high toxicity against the pure culture of A. junii. The obtained EC 50 values for the growth inhibition and P-uptake rates were: 3.27±1.12 × 10 -7 mol L -1 and 
2.47±0.51 × 10
-6 mol L -1 , respectively [16] . The EC 50 values obtained for HDTMA are slightly higher than those obtained for CPC and one order of magnitude higher than for DPC. These suggest that the pyridinium head group did not act less toxic than the trimethylammonium head group in long chain QAC.
The DPC which has 12 C atoms in alkyl chain acted less toxic against A. junii than the CPC, which has 16 C atoms in alkyl chain as the HDTMA. This observation is consistent with the correlation of the alkyl chain length and toxicity of QAC [9] .
The P-uptake rates of A. junii were less sensitive than the growth rate in cases of HDTMA, CPC and DPC. In all cases Neisser stain at the end of experiments confirmed the presence of poly-P granules in almost 90% of live A. junii cells. The P-uptake rate stimulation at 10 -6 mol L -1 of CPC and 10 -5 mol L -1 of DPC is explained by the toxicity of surfactants and very low number of live cells. This observation confirms the assumption that the P-accumulation may be a survival mechanism in unfavourable conditions of growth [17] , such as the presence of surfactant in the growth media.
In the wastewater treatment plant, adsorption of surfactants to insensitive organisms, dead cells in flocs and inorganic matter will help to protect live susceptible bacteria from the toxic effect of surfactants. This suggests that the observed EC 50 values for A. junii represent the upper limits of toxicity. Nevertheless, the results proved a high acute toxicity of both CPC and DPC against A. junii at low concentrations. These indicate the importance of controlling the amounts of cationic surfactants in influent of the wastewater treatment plants, in order to avoid the possible failure of the P removal from wastewaters.
Conclusions
The study proved the toxicity of cationic surfactants against P-accumulating bacteria. The toxicity of QAC depends more on the number of C atoms in hydrophobic alkyl chain than on the type of polar head group. Since the P-accumulating bacteria are responsible for the P removal in the wastewater treatment plants, the concentration of cationic surfactants entering such systems should be controlled.
